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e Direct dynamics and RRKM modeling of:
— 1,5-dinitrobiuret (DNB) pyrolysis.
— EMIM*dca, EMMIM*dca-
 |L vapor studies:
— Photoionization of vaporized ILs.
 |L aerosols + HNO:
— Diffusion-limited reactivity: MM
« QM/MM reactive scattering:
— hyperthermal O(3P) off IL surface
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What Is
hypergolicity??!
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* Replacement for monomethylhydrazine (MMH) + N,O, (highly
volatile and toxic!!)
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lonic Liquids

* Molten salts with m.p. <100 °C.

 Asymmetric ions with diffuse charge
distributions.

e« C*A : 1018 possible combinations of cations
and anions.
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* Dicyanamide-based RTILs first hypergolic
ILs discovered with HNO..
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./Gas Phase Decomposition of DNB
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Geith, J., Holl, G., Klapotke, T. M., Weigland, J. J., Combust. Flame, 2004, 139, 358-366
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RRKM Results

Temp / K 750 1000 1250 1500 1750 2000
density of states (1/cm™)
DNB 1.95 x 10* 2.34x10% 598 x10% 4.94 x 10% 1.71 x 10* 2.92 x 10%
twisted DNB | 1.90 x 10% 2.33x10%  6.04x10% 5.04 x 10% 1.75 x 10* 3.02 x 10%
unimolecular rates (s™*)?
ki 0 0.6 1.8 x 10* 2.1 x 10° 3.9 x 10’ 2.9 x 10°
(0) (3.6) (1.8 x 10°) (2.7 x 10" (5.8 x 10°) (4.7 x 109
ks 8.5 9.7 x 10° 7.9 x 107 1.0 x 10° 5.5 x 10° 1.8 x 10%°
Kay 3.4 x 10° 1.5 x 10" 3.5 x 10" 6.0 x 10 8.8 x 10 1.2 x 10"
K31 2.4 x 101 3.2 x 10" 3.8 x 10" 4.4 x 10" 4.8 x 10" 5.1 x 10"
Ks2 0 1.5 x 1072 2.1 x 10* 7.9 x 10° 2.9 x 10° 3.4 x 10°
branching ratios (%) ®
path 1 0 0 0 0.7 1.3
(0.3) (9.1) (18.0)
path 2 100 100 100 94.3 83.3
(99.7) (86.3) (69.2)
path 3 0 0 0 5.0 15.4
(4.5) (12.8)

() = loose transition state for path 1
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IL Vaporization

o Strasser, Armstong, indicate ion pairs by
detection of intact cation:!

—lonic Liquid + A =2 C*A-(g)

—C*Agg +thv> C*A+e 2D Ct+A+e

o Kelkar and Maginn: ion pairs more
energetically favorable than clusters of ion
pairs and non-neutral clusters.?

1 J. Phys. Chem. A, 2007, 111, 3191-3195; PCCP, 2007, 9, 982-990.
2 J. Phys. Chem. B, 2007, 111, 9424-9427.
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ZALS: Chemical Dynamics Beamline®
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IL vapor source

aerosol
reflectron MS

reflectron MS

— |maging endstation 3

Endstation 1

Exit slit

2=m

Gas Filter

monochromator

Schematic layout of Beamiine 9.0.2.

7.4-15.0 eV photons, 0.025 eV resolution
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Experimental

IL effusive source:

|

to TOFMS
VUV beam
Effusive vapor IS —
Steel plate with 1mm orifice ——
Aluminum block Sample in glass test tube
Cartridge heater
Thermocouple

15

Distribution A: Approved for public release; distribution unlimited



ion intensity (a.u.)
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EMIM*dca MD results

MD reaction # of trajectories _branching ratio (%)
C2 H+ xfer to dca (term) 16 25

C2H5 dissoc 17

NCN + CN

dca dissoc

NR

dca abstract H from CH3 --> Hdca (term)

C2 H+ <-> dca (central)

CH3 dissoc

Et: CH3CH2- + dca --> CH2CH2 + Hdca (term)
H2 elim from -CH3

NCN-CN elongation

-C2H5 + dca <--> -C2H4 + Hdca

C2HS5 abstraction by dca (term)

C2H5 and dca dissoc

C4H xfer to N3 and elim HC4C5

CH3 abstraction by dca (central)

-—
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CH3 abstraction by dca (term)
Et: H2 + dca --> HCN + HNCN
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;/ PCM Model for ILs

e Truhlar: SMD-GIL (generic ionic liquid)*
— benchmark to experimental AG_,,, for ILs.

AG EMIM*SCN-

M06/6-31+G(d,p)
Generic ionic liquid model (GIL)

41.5 kJ/imol
P RS
rd
Fd hY
2 / NV 3 14akmol
+ 1.6 kJimol ,-'*\\
A \

_ 39.3 kJimol 3
1269 kJimol  +” "\ (22) 396 kJimol 4
AY A
! A\

lon pair

lon pair

-106.1 kJ/imol

-40.3 kdimol
(-41.9)

188.8 kJ/mol -40.9 kJimol

(+61.9)

(+13.8)
il \\

2 ’ % 7
h ‘\ 26.8 kJimol
A
\
iz B

A
-25.8 kJ/mok 4
(+13.8) Y

128.0 kJimol

5

EIM + MeNCS, AGY = 148.9 (164.9)
MIM + EtNCS , AG* = 143 (171.4)

*J. Phys. Chem. B 2012, 116, 9122-9129 21
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=(111-1) + 40

+ HCN
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ion intensity (a.u.)
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ion intensity (a.u.)

3.9 -

p )
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J. Phys. Chem. Lett., 3, 2910 (2012)
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4 Aerosol reactivity

 RTILs very low vapor:

— Aerosols are liguid droplets suspended in gas
phase.

28
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 Use It to study reaction kinetics of
‘hypergolic ionic liguid reaction with an

oxidizer’
Hypergolic — Hypergolic
lonic liquid aerosol | lonic liquid aerosol ‘reacted’

O O

Reaction dynamics
and kinetics

+HO
O HO

w Q—b % C. J. Koh, et al., Soft ionization of

thermally evaporated hypergolic

HOT ionic liquid aerosols , J. Phys.
Chem. 115, 4630 (2011). 29

Distribution A: Approved for public release; distribution unlimited




Distribution A: Approved for public release; distribution unlimited.

onlc liquid aerosol generatlo

hv e Tunable light source

Hypergolic lonic liquid aerosol

size distribution
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Aerosol source : _
(lonic liquid) : (Reaction. IL+HNQ,). Aerosol

Na,CO, pellets Inlet

----- ——
{:] Nitric acid ",,I.Qrifice
Nitric acid : 3

N denuder
Abs. cell A :
E—— erodynamic l
Nitric acid iy v
Bubbler “

o
o
.

Copper block
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Adentification of reaction productsl
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lon yield (counts)

1200 ~

800 —

400 -

——— Reaction with heavy HNO3

lonic liquid only H°NO

CO2 and N20
HNO

3

| "NNO

Cyanoamide

3

NN

1 s |
44 48

Mass (amu/a)

33



A

7

o
S

"
ichn
T

[ g
T

lon yield (counts)

1.0}

L+ H1*NO,

CO, 44 amu at13.5 eV
SNNO 45 amu at 14.3 eV

Mitric acid exposure (Flow%)

Distribution A: Approved for public release; distribution unlimited



Distribution A; Approved for public release; distribution unlimited.

MD simulations of IL/oxidizer interphases: liquid-liquid

Vi Tl e RS
MIM/DCA

R A

in liquid/liquid systems, mixing is rapid!
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MD simulations of IL/oxidizer interphases: liquid-gas
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At the liquid-gas interphase
HNO3 quickly adsorbs to the
surface and then slowly
diffuses to the bulk.

There is a certain

concentration of HNO3 at
the surface that system
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A ) .
\/ Conclusions

e Molecular dynamics can greatly improve our
understanding of reactivity of ionic liquids:
— |ID thermal decomposition mechanisms
— surface tension/diffusion limited processes

e Tunable VUV-PI-TOFMS a powerful experimental tool:

— Direct detection of ion pairs upon vaporization
— |ID products my mass and ionization potential
— Aerosols make ionic liquids more accessible by MS

 Design a better green rocket fuel with ionic liquids !!!
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